Determination of the device performance parameters of perovskite solar cells is far from trivial as transient effects may cause large discrepancies in current-voltage measurements as a function of scan rate and pre-conditioning. Maximum power point tracking, MPPT, enables to determine the steady-state maximum power conversion efficiency. However, the MPPT does not provide any information on the device performance parameters, which are reliable only if extracted from current-voltage curves collected under steady-state conditions. We show that is possible to determine the shorter settling or delay time suitable to carry out J-V measurements under steady-state conditions by analysis of the transient device response around the MPP. This procedure proves to be more time-efficient than measurement J-V measurements at a variety of scan rates. Furthermore, the generic algorithm presented here can be implemented to assess changes in the dynamic response of devices during long-term device ageing
Introduction
Recent progress in solar cells based on metal-halide perovskites has demonstrated that the know-how in various different types of solar cell devices can lead to rapid progress upon discovery of novel semiconductors suitable for solar energy conversion. 1, 2 The development of solar cell technology requires reliable device characterization tools which yield performance data that is representative of the steady state device operation. Current density -voltage, J-V, measurements are the most commonly used method to assess the device performance of solar cells. Debates regarding hysteresis and slow transient phenomena in the J-V response of perovskite solar cells have highlighted that the power conversion efficiency and maximum power point, MPP, derived from these measurements might not be representative for the steadystate performance of devices. [3] [4] [5] Transient electronic phenomena in perovskite devices have been connected to the re-distribution of ionic charge carriers. 3, [6] [7] [8] [9] [10] [11] These are interpreted to cause changes in the internal electric field distribution affecting the charge carrier extraction efficiency and recombination rates rendering the photocurrent dependent on scan rate and direction. 12, 13 Apart from changes in the electric field distribution, charge carrier trapping/detrapping effects within interfacial trap states [14] [15] [16] [17] [18] could contribute to transient capacitive phenomena. Uncertainties in determining the MPP from J-V measurements has prompted the recommendation for reference measurements to account for the transient device response, 4, 19, 20 and some measures to verify device performance metrics are now often also requested by scientific journals. 21 These often also include the recommendation to provide measurements more representative of the steady-state response of perovskite-based solar cells by for instance monitoring the MPP over time. Device performance metrics of short circuit current, J SC , open circuit voltage, V OC , and fill factor, FF, should be derived from measurements representative of steady-state conditions, which is often difficult to define for perovskite solar cells.
Numerous reports have proposed to quantify the discrepancy between the forward and reverse J-V response and various equations calculating a measure for the difference between these two J-V curves, expressed as hysteresis indices, HIs. 16, [22] [23] [24] As an example, equation 1 
Hysteresis indices are, however, not sufficient criteria by themselves, as the presence or absence of hysteresis -discrepancy between J-V scans in different scan directions -is strongly dependent on the scan rate. If a J-V measurement is performed at a much higher scan rate than the device response time, 25 should be assessed using maximum power point tracking, 30, 31 MPPT, which could and maybe should become the more relevant metric when assessing perovskite solar cells performance rather than the power conversion efficiency, PCE, or maximum power point, MPP, determined from current density-voltage, J-V, measurements. Keeping the device around the maximum power point, the influence of transient effects during J-V cycling is omitted and changes in device performance due to pre-conditioning can be accounted for while monitoring device performance over a longer time period.
There are different methods to carry out maximum power point measurements over time. In some cases, the current density at a fixed voltage determined from the MPP of J-V measurements, V mpp . 28, [32] [33] [34] Preferably, the time-evolution of the MPP should be assessed by perturb-and-observe MPPT algorithms that implement a periodic perturbation of the applied voltage maximizing the total power output of the device as V mpp may change over time. The generic algorithm could be implemented as long-term MPPT assessment of devices using the periodic determination and analysis of transients to capture possible changes in the dynamic device response due to aging effects. This enable the determination of suitable delay times, t delay , to perform J-V measurements appropriate for the device under investigation at the specific point in time during its lifetime.
Experimental

Dynamic Maximum Power Point Tracking Algorithm
The maximum power point tracking algorithm was based on a standard perturb-and-observe MPPT 40,41 measurement routine implemented as part of our current density -voltage, J-V, LabVIEW based measurement program in our laboratory. 42 To avoid getting stuck in local performance minima, an estimate for the MPP is derived from a quick initial J-V measurement.
The regular algorithm perturbs the applied voltage by a double step of +/-10 mV around the maximum power point voltage, V MPP , compares the solar cell's output power at these three voltages and then sets the new V MPP to the one corresponding to maximum power. It is important that the step duration is set long enough for transients to equilibrate before the power is calculated at the newly set voltage level. The slow transient time constants, t slow , give a measure for appropriate delay times, t delay , that are suitable to perform current density -voltage, J-V, measurements at steady-state conditions. This is equivalent to waiting "long enough" after a voltage step to let the transient current response decay towards steady-state. As indicated in Scheme 1, in this work the acquisition and analysis as well as consecutive J-V measurements were carried out as separate steps.
Devices investigated
Measurements presented herein were carried out on p-i-n and n-i-p devices prepared in baseline manufacturing of metal-halide perovskite solar cells in the HySPRINT laboratory. We here compare p-i-n and n-i-p thin film architecture types, where p and n stand for p-and n-type selective contact layers and i for the perovskite layer, assuming that it can be considered an intrinsic semiconductor. 
Current density-voltage measurements
TrAMPPT and J-V measurements were performed either in a nitrogen-filled glovebox (p-i-n devices) or in ambient atmosphere (n-i-p devices). Measurement on p-i-n device (inside the glovebox) were carried out using an Oriel LCS-100 class ABB solar simulator while measurements outside were carried out using a Wavelabs Sinus-70 Class AAA sun simulator.
Both were calibrated to AM1.5G standard using a calibrated silicon reference diode (Fraunhofer carried out on the best performing pixel within the data set while other pixels were masked to avoid crosstalk. Here, the TrAMPPT measurements were performed for a total time span of 500 s but the duration of the MPP tracking and MPP perturbation phase can be adjusted by the user.
To compare the transient response determined from TrAMPPT measurements, we also carried out J-V measurements at different scan rates, as specified by different delay times as shown in Table S1 . As a standard, we carried out forward scans (F), from V £ 0V towards V ³ V OC , followed by reverse scans (R) in the opposite direction. The J-V discrepancy was analyzed using the definition of the hysteresis index, HI, according to equation (1).
Results and Discussion
We will here present and compare TrAMPPT measurement results for two different device types: a p-i-n and an n-i-p device to showcase that this proposed measurement procedure can be employed to both. Details on the device architecture and layer stack can be found in section 
(c) and (d) show a close-up of one perturbation cycle -black boxes in (a), (b) -for p-i-n (c) and n-i-p device (d).
During the MPP tracking phase (phase III) the device efficiency was determined to be 16. The p-i-n device investigated here has a lower performance compared to current state-of-theart baseline devices with higher PCEs, achieved by further optimization of selective contact layers. 44, 45 These devices show negligible hysteresis for all scan rates. The p-i-n device discussed here was a device that was aged for three days and chosen as an example for a device of this architecture type that does exhibit hysteresis, particularly for faster scan rates, as will be further discussed in section 3.3. The n-i-p device presented here represents an improvement with respect to previous results obtained for a similar device architecture. For both devices, we observe an initial difference of about 1 mA in the current density around MPP, J MPP , between the + 50 mV and -50 mV step this amounts to a discrepancy in absolute performance of about 5% when measurements would be carried out at very short t delay . This will be further discussed in section 3.4.
Transient Current Analysis upon Voltage Perturbation
Current density -voltage, J-V, measurements
From the transient analysis discussed in section 3.2, a delay time, t delay , appropriate for J-V measurements can be determined. The rationale is that from the transient device response shown in Figure 3 (a) and (b) and the slow time constants τ slow extracted, the minimum time for the current transients to become almost congruent can be estimated. We propose that t delay can be either set as a multiple of τ slow or as the time when J SS in the forward and reverse direction become close to identical. As the τ slow for the devices under investigation are quite similar and in the order of 0.5 s, we found a minimum delay time of 1 s to be appropriate to carry out J-V measurements.
In Figure 4 , J-V scans in forward (F, dashed lines) and reverse (R, solid lines) scan directions are compared for t delay of 0.1 ms (colored) and t delay of 1 s (black) for the p-i-n (a) and n-i-p (b)
device. J-V scans were performed at 50 mV voltage steps and scan conditions are hence equivalent to scan rates of 167 V/s and 0.05 V/s according to the definition in Table S1 .
Measurements at all J-V scan conditions defined in Table S1 were carried out on the p-i-n and n-i-p device and are detailed in the supporting information.
Indeed, there is a substantial discrepancy between the forward and reverse scan for t delay of 0.1 ms while scans performed at a minimum t delay of 1 s, estimated from the transient MPP analysis in the previous section, leads to J-V curves with small deviation between the scan directions. The MPP determined from J-V measurements at t delay of 1 s coincide reasonably well with the MPP determined from maximum power point tracking data shown in Figure 1 . As shown in the SI, the t delay of 1s determined as suitable from the transient analysis shown in Figure 3 was suitably slow for both devices. For the n-i-p device, however, longer t delay of 3 s led to more rather than less discrepancy between the J-V curves in different scan directions, indicating that devices may also be altered due to voltage scanning and t delay should be chosen to be sufficiently long but longer t delay may lead to results obscured by device degradation and changes in the device during J-V scanning. Apart from more reliable data on the steady-state performance of metal-halide perovskite based solar cells, the TrAMPPT procedure thus enables to directly estimate suitable t delay to perform J-V measurements immediately under scan conditions representative of steady-state rather than having to sample many different scan conditions to find those where hysteresis becomes minimal. The latter is time consuming and may not be appropriate for reliable device characterization as reversible transient phenomena cannot be distinguished from device degradation during prolonged measurements.
Comparison of MPPT transients with hysteresis indices
To Table 1 . The results of these measurements can be found in Figure S4 and S6 the SI. The J-V discrepancy was quantified by calculating the HI as specified in equation (1).
To relate the relative discrepancy between the transient current response in reverse, 
As shown in Figure 5 ,
shows a comparable dependence on time as the HI determined from measurements at different delay times. For the p-i-n device, the agreement between the two different sets of measurements is so striking, that we conclude that very similar information can be gaged from the transient analysis around MPP and the discrepancy between J-V measurements calculated from equation (1) for measurement at different delay times. This is in agreement with the fact that the J-V discrepancy is found to be most pronounced around MPP.
For the n-i-p device, however, the discrepancy between J-V scan directions for longer delay times is larger than suggested by the transient response. As shown in Figure 4 b, J-V measurements with minimal discrepancy -hysteresis -were obtained using a t delay of 1 s, derived from analysis of the current density transients. That n-i-p solar cell seems to however exhibit an increased J-V discrepancy at t delay = 3 s, as shown in Figure S6 , 
Conclusions and Outlook
As a general conclusion of this work, MPPT measurements provide more reliable data for the steady-state MPP of perovskite devices compared to J-V measurements. We propose that MPPT data should be provided as a standard when reporting on perovskite solar cell device performance. To some degree, J-V measurements should be provided in support of MPPT data to define the device performance metrics of J SC , V OC and FF and should always be verified to have been measured at scan conditions representative of the steady-state device response.
The TrAMPPT procedure proposed here goes a step further by carrying out analysis of the transient device response around MPP and from this derive suitable delay times, t delay , to perform J-V measurements under quasi steady-state conditions. This is of particular importance for solar cells that exhibit pronounced current-transients and change during J-V scanning such as metal-halide perovskite solar cells for which J-V measurements at a single scan rate do not represent steady-state conditions of the device. We find that the TrAMPPT is more timeefficient than having to perform several J-V measurements at different t delay to find measurement conditions at which J-V discrepancy -hysteresis -become negligible.
We here compare typical p-i-n and n-i-p devices that are representative solar cell architectures showing differences in transient effects with typically less pronounced hysteresis in p-i-n type devices compared to most planar n-i-p architectures, although ionic motion, a key driver for hysteresis was also found in hysteresis-less p-i-n device architectures. 47, 48 The example of the p-i-n devices shown here was a device aged for three days, after which it exhibited more pronounced hysteresis than initially, demonstrating that hysteresis may evolve over time due to the creation of ionic defects and imperfections at interfaces. The more detailed analysis presented here shows that hysteresis strongly depends on t delay and devices of different types may exhibit characteristic differences in their transient behavior. The n-i-p device investigated here exhibited similar dynamic response as the p-i-n device but exhibits a more dramatic decrease in photocurrent during MPPT measurement indicative of changes in the device causing performance decrease. We will utilize TrAMPPT measurements to analyze differences between devices of different architecture types, contact layers, perovskite absorbers and stages in their life-cycle to capture differences, similarities and changes in the MPP as well as dynamic response of devices.
We aim to develop the TrAMPPT code further and integrate the transient analysis and consecutive J-V measurements into the TrAMPPT measurement algorithm as illustrated in Scheme 1. This will enable us to "loop" the measurement algorithm and utilize it e.g. for long term stability testing. 29 Apart from the MPP as a function of time, this would enable periodic assessment of changes in the transient device response arising from microscopic changes in the device upon degradation. The slow transient time constant t slow can be used to derive t dealy as input parameters for periodic J-V measurements, from which a new MPP can be defined that then in turn is used as starting MPP for the next MPP tracking cycles.
